Abstract Very fast transient over-voltage (VFTO), induced by disconnector operations in gasinsulated switchgears, has become the limiting dielectric stress at ultra-high voltage levels. Much work has been done to investigate single-strike waveforms of VFTO. However, little study has been carried out investigating the repeated strike process, which would influence VFTO significantly. In this paper, we carried out 450 effective experiments in an ultra-high voltage test circuit, and conducted calculations through the Monte Carlo simulation method, to investigate the repeated strike process. Firstly, the mechanism of the repeated strike process is proposed, based on the experimental results. Afterwards, statistical breakdown characteristics of disconnectors are obtained and analyzed. Finally, simulations of the repeated strike process are conducted, which indicate that the dielectric strength recovery speed and polarity effect factor have a joint effect on VFTO. This study enhances the understanding of the nature of VFTO, and may help to optimize the disconnector designed to minimize VFTO.
Introduction
Very fast transient over-voltage (VFTO) originated by a series of strikes/discharges during disconnector (DS) operations, may damage the insulation of gasinsulated switchgear (GIS) and its adjacent facilities [1] . The VFTO withstand level for insulation coordination in ultra-high voltage (UHV) power grids was rather lower compared with that in extra-high voltage power grids [2, 3] . VFTO is considered as one of the limiting dielectric factors for the insulation coordination and switchgear selection at the UHV level.
Many studies have been carried out investigating the measurement [4, 5] , simulation [6, 7] and suppression [8, 9] issues of VFTO in recent years. Only a small amount of studies, however, dealt with UHV GIS. Additionally, though single-strike waveforms with high frequency transient process and full-time waveforms have been captured in existing literatures, very limited effort has been devoted towards the problem of a repeated strike process. Owing to its neglect, calculations of VFTO through computer simulations could not characterize the statistical nature of VFTO accurately, because these calculations usually simply dealt with the severest peak-to-peak breakdown situation, which was regarded to be conservative [1] . Moreover, two important factors which have significant impacts on the severity of VFTO, i.e. the switching speed and polarity effect of DS, cannot be obtained without DS breakdown characteristics in the repeated strike process. Thus, the investigation on the repeated strike process during DS operations is urgently necessary, so as to reveal the nature of VFTO in UHV GIS better and satisfy the rapid development of the UHV power grid. Many significant researches have focused on the dielectric properties of SF 6 and its replacement gases [10−12] , and the investigation on the repeated strike process is a potent supplement to the existing studies.
The goal of this paper is to investigate the mechanism of the repeated strike process experimentally, and to develop a simulation technique which is capable of modeling the mechanism of the repeated strike process accurately, based on which analyzing the effect of the dielectric strength recovery speed and polarity effect factor on VFTO can be carried out efficiently. The results of this study would contribute towards the optimization of DS designing to minimize the VFTO initiated in UHV GIS.
The outline for this paper is as follows: section 2 performs the 1100 kV GIS test results and investigates the repeated strike process. Section 3 lays out the Monte Carlo simulation method for the opening process of DS. Based on simulation results, the influences of the dielectric strength recovery speed and polarity effect on VFTO are shown and analyzed in section 4. Section 5 concludes this paper.
2 Experimental study of repeated strike process during disconnector operation
Test circuit and method
To investigate the repeated strike process during DS operations, 450 effective tests have been carried out. The test circuit with 1100 kV GIS was established by the State Grid Corporation of China at the UHV ac test base in Wuhan [3] , as illustrated in Fig. 1 . The test circuit is constituted with ac test sources, bushings and GIS section. DST is the operating DS, and DSA is the auxiliary DS. The branch busbar with the length of 9 m is utilized to investigate its impact on VFTO. In each test, an opening operation was conducted first, then a closing operation afterward. Measurements of VFTO were conducted at five different GIS positions M1 to M5 during DST operation: two sides of the short busbar (M1 and M2), the joint of the branch busbar (M3), the ac source side (M4), and the end of the branch busbar (M5), as shown in Fig. 1 . The full frequency bandwidth measurement system with a wide bandwidth of 0.003 Hz-300 MHz, had been calibrated under different measurement circuits [5] , and was employed to measure the full VFTO waveform accurately.
The typical measured voltage waveforms at M1 (load side) during DST opening and closing were shown in Fig. 2 and Fig. 3 , respectively. Each step on the voltage waveform indicated a strike/discharge between the contacts, and the entire waveform indicted the repeated strike process. 
Repeated strike process during DS opening
The repeated strike process is a typical characteristic of VFTO, and usually refers to the strikes/discharges occurring between DS contacts repeatedly. Based on the typical waveform shown in Fig. 2 , the mechanism of the repeated strike process during DS opening is revealed and explained as follows.
a. Before DS opening, the potential of the short busbar is the same as that of the ac source.
b. During DS opening, when the voltage between the contacts exceeds the dielectric insulation strength of the gap, a re-strike takes place with a high frequency transient. After the high frequency transient attenuates, the potential of the short busbar falls back to the ac source voltage, then the arc between the contacts extinguishes. Thus, until the next re-strike occurs, the potential of the short busbar is floating with a residual voltage, which is determined by the instantaneous voltage of the ac source at the arc extinction time.
c. In each opening operation, the discharge between DS contacts and the arc extinction occurs alternatively, so it is called the repeated strike process. With the distance between the contacts getting longer, the dielectric insulation strength becomes stronger. When the dielectric insulation strength is strong enough to stand any voltage between the contacts, the repeated strike process will terminate.
d. After DS opening, the potential of the short busbar is floating, which fluctuates around a dc voltage, due to the joint effect of the residual voltage and induced voltage.
The repeated strike process has a significant impact on the load side voltage. Fig. 4 illustrates the voltage waveforms on the load side (M1) and the source side (M4). The load side voltage is approximately stepshaped. Each step-jump indicates a re-strike between the contacts, and the narrow pulse at a step-jump corresponds to the high frequency transient. Additionally, the height between two adjacent steps is the breakdown voltage u bd . The repeated strike process enforces the load side voltage following the source side voltage in a step-mode as mentioned above. Therefore, the stepshape waveform shows the similar profile as the source side voltage, and each starting point of the step must fall inevitably on the source side voltage waveform. The repeated strike process has a significant impact on the severity of VFTO. In DS opening, the magnitude of VFTO depends on three factors [13] , i.e., the breakdown voltage, the oscillation overshoot of high frequency transient, and the phase of ac source when the breakdown occurs. Among these three factors, the breakdown voltage and the phase of the power frequency source are closely related with the repeated strike process. If the process is short and breakdown only occurs at a small distance between contacts, VFTO will be not severe. By contrast, if the process lasts longer and breakdown occurs at a longer distance, an even peak-to-peak breakdown will occur and VFTO will be the severest. Therefore, both the magnitude of VFTO and the probability of the severest VFTO are mainly determined by the repeated strike process.
Repeated strike process during DS closing
The repeated strike process in the closing operation is substantially converse to that in the opening operation, as shown in Fig. 3 and compared with Fig. 2 . During DS closing, there are pre-strikes instead of restrikes. With the operation time is increasing, the distance between contacts becomes smaller, and the breakdown voltage also becomes smaller, until the contacts are closed.
Before DS closing, the potential of the short busbar is floating, mainly determined by the trapped charge, which was formed by the previous re-strike in the opening operation. The severest VFTO mainly occurs at the first pre-strike during closing, resulting from the most trapped charge. If the first pre-strike happens to be the peak-to-peak breakdown exactly, there will be the severest VFTO.
Therefore, the repeated strike process in the opening operation determines not only the VFTO in DS opening, but also that in DS closing through the trapped charge formed by the previous re-strike. Based on this consideration, we mainly discuss the repeated process in the opening operation in the following studies.
3 Simulation of the repeated strike process in opening operation
Statistical breakdown characteristics of disconnector
Though it is straightforward to analyze repeated strike through experimental studies, this approach is usually difficult to be implemented, due to the limitation of equipment, manpower, etc. The simulation method is therefore considered as an effective and efficient complement to experimental studies. Investigating the statistical breakdown characteristics of the disconnector obtained by tests would provide the dielectric insulation strength data required in a simulation.
The breakdown characteristics of a disconnector usually refer to the relationship between the breakdown voltage and the distance. In this paper, we take the breakdown voltage as a function of the operating time to indicate the breakdown characteristics of DS, instead, because the operating time is proportional to the distance, as the switching speed is constant in DS operation.
Take DS opening as an example to illustrate the statistical breakdown characteristics. If the dielectric insulation strength could not stand the voltage difference between DS contacts, a re-strike occurs, with the breakdown voltage u bd , as shown in Fig. 2 . For all test waveforms, breakdown voltages u bd with a magnitude above 0.1 p.u. and their corresponding time t from the moment the DS separated were read out and counted. The statistical breakdown characteristics in the opening operation could be statistically characterized by a function of the breakdown voltage u bd to the operating time t, as shown in Fig. 5 . It is noted that the breakdown voltage was the voltage difference between the contacts, with the potential of the short busbar regarded as the reference potential. Therefore, the breakdown voltages are divided into positive and negative parts.
Similarly, statistical breakdown characteristics of DS in the closing operation could also be obtained, as shown in Fig. 6 . The end time of the closing operation is marked as time zero, because it is easy for normalizing breakdown characteristics in different tests, thus t is negative. The breakdown voltage between contacts could be used to characterize the dielectric insulation strength in the simulation.
Here, we define the slope of the regression line as the dielectric strength recovery speed k, which is represented by the ratio of breakdown voltage to operating time with the unit of p.u./s, because when the voltage between contacts just exceeds the dielectric insulation strength, a re-strike will occur, indicating that the dielectric insulation strength is equal to the breakdown voltage at this moment. As shown in Fig. 5 , k + and k − are the positive and negative dielectric strength recovery speeds, respectively. The difference between positive and negative breakdown voltages is caused by the asymmetry of DS contacts. In order to represent it, we define the ratio of k + to k − as the polarity effect factor p.
Both the dielectric strength recovery speed and the polarity effect factor, may have a significant effect on the simulation of the repeated strike process. Meanwhile, both these two factors are determined by the DS configuration, and can be adjusted to optimize the DS designed to minimize the VFTO. This topic will be discussed in section 4.
Monte Carlo simulation method for repeated strike process in DS opening operation
The simulation of the repeated strike process in the opening operation should take the source phase at the starting time into consideration, which is of stochastic variation. The Monte Carlo simulation method is widely used to investigate the problem with stochastic characteristics, and it is capable of simulating the repeated strike process in DS opening operation [14] . The flowchart of simulation procedures in the MAT-LAB/Simulink software is shown in Fig. 7 , and the definitions of variables in Fig. 7 are described in detail in Table 1 . DS operates at the simulation time t equal to 0. The source phase obeys a uniform distribution on the interval 0 to 2π. Sampling the interval uniformly by the Monte Carlo method, and the source phase at the starting time is ϕ. Thus, both the source side voltage u S and the load side voltage u L are equal to cos(ϕ).
At the subsequent simulation time ∆t, source side voltage u S changes with the power frequency voltage, into cos(100π∆ t + ϕ). Load side voltage u L also changes with the power frequency voltage, into cos(ϕ)+[C d /(C d + C e )]cos(100π∆t + ϕ), owing to the voltage division by the capacitance between the DS contacts and that between the short busbar and GIS enclosure. C d and C e are calculated through the contacts structure, and C d is changed with the dielectric strength recovery speed and the polarity effect factor. Then, the voltage between the DS contacts is determined as the difference between u S and u L .
At this simulation time ∆t, the positive and negative dielectric insulation strengths between the contacts are calculated according to the results of the linear regression of statistical breakdown characteristics, respectively. If the voltage between contacts, i.e. u S − u L , exceeds the dielectric insulation strength, a re-strike occurs. Subsequently, the load side voltage jumps to the source side voltage at this moment, and waits for the next re-strike.
With the simulation time increasing, the source side voltage and load side voltage follow its own law continuously. Also, re-strikes and load side voltage step-jumps occur alternately, until the simulation time reaches the set maximum time t max . Then, we can obtain the source side voltage and load side voltage during the whole repeated strike process through simulation.
Each run of the simulation is equivalent to a test. In order to demonstrate the effectiveness of the simulation method, 450 simulations were carried out under the same conditions as the tests, i.e., positive dielectric strength recovery speed as 14.46 p.u./s and polarity effect factor as −1.168. The trapped charge is selected as the indicator of VFTO, since it has the major impact towards the severity of VFTO. Fig. 8 illustrates the experiment results and simulation results on the trapped charge distribution. In Fig. 8 , the trapped charge is present in the absolute value, with a distribution from 0 p.u. to 1 p.u.. The simulation results of the trapped charge distribution show a satisfactory agreement with the experiment results, indicating that the Monte Carlo simulation method is effective for simulation of the repeated strike process. Thus, we could investigate the effects of diverse factors on VFTO through numerous simulations.
4 Effect of dielectric strength recovery speed and polarity effect factor on trapped charge
Effect of dielectric strength recovery speed on trapped charge
Dielectric strength recovery speed can represent the DS switching speed, a manufactory factor which has a great impact on VFTO. The effect of dielectric strength recovery speed on trapped charge was obtained by deploying the aforementioned simulation method. The simulation settings are selected as the following: the polarity effect factor is chosen as a constant value −1, which means the positive dielectric strength recovery speed is equal to the negative one; and the positive dielectric strength recovery speed is a variable ranging from 1 p.u./s to 30 p.u./s so that its impact on trapped charge can be revealed.
The simulation results are illustrated in Fig. 9 in box chart form, whose shape is determined by the 25th and 75th percentiles, with the maximum and minimum value, the 50th percentile also marked. When the polarity effect factor is equal to −1, the dielectric strength recovery speed shows no significant influence on the distribution of trapped charge, which typically ranges from 0 p.u. to 1 p.u. uniformly. This phenomenon indicates that the asymmetry of DS contacts may determine whether and how the dielectric strength recovery speed affects the trapped charge. When the polarity effect factor is chosen as −1.168, the same as that in actual test DS, a different phenomenon can be observed. The simulation results of trapped charge in the absolute value are illustrated in Fig. 10 . As shown in Fig. 10 , a lower level and a smaller dispersion of the trapped charge performance can be achieved, when the dielectric strength recovery speed is no more than 5 p.u./s. By contrast, the trapped charge presents a higher level and a larger dispersion, when the dielectric strength recovery speed is more than 10 p.u./s. This observation indicates that a slower DS switching speed can relieve the VFTO stress in UHV GIS. However, we should note that this parameter should not be too small since more strikes can be triggered. Depending on the simulation results, the optimal dielectric strength recovery speed is 5 p.u./s, when the polarity effect factor is equal to −1.168.
Effect of polarity effect factor on trapped charge
The VFTO impacts caused by the asymmetry of DS contacts can be evaluated using the polarity effect factor. Studying the effect of this parameter hence becomes a promising method to minimize VFTO. In this section, positive dielectric strength recovery speed is selected as a constant 14.46 p.u./s, which is the measured speed of the experimental DS. The polarity effect factor is a variable ranging from −2 to −0.5. The simulation results are illustrated in Fig. 11 . As shown in Fig. 11 , the distribution of trapped charge is basically symmetrical centered on a polarity effect factor of −1. Secondly, the trapped charge will present a higher level and a larger dispersion, with the polarity effect factor either much larger or much smaller. When the positive dielectric strength recovery speed is 14.46 p.u./s and the optimal polarity effect factor is −1.4, the average value of trapped charge is 0.25 p.u., which is the minimum value among all results.
Therefore, both the dielectric strength recovery speed and the polarity effect factor should be taken into consideration together, to achieve accurate simulation results. This finding is more comprehensive compared with a previous study [15] , which neglected to consider the condition that DS contacts were symmetrical, and implied that the relationship of VFTO with switching speed was the same for different types of disconnectors.
In conclusion, in order to minimize the VFTO initiated during DS operations, joint optimization of switching speed and the asymmetry of DS contacts should be carried out in DS designing.
Conclusion
In this study, we have demonstrated the mechanism of the repeated strike process during opening and closing operations respectively, based on the experimental results in the UHV test circuit.
Statistical breakdown characteristics and their linear regression analysis have been utilized for the simulation of the repeated strike process. It is shown that the repeated strike process has a significant impact on the load side voltage and the severity of VFTO. The investigation of the repeated strike process provides a better understanding of VFTO in UHV levels.
The Monte Carlo simulation method is used to simulate the repeated strike process, and the simulation results show a consistency with the experiment results. We have found that the dielectric strength recovery speed and polarity effect factor influence VFTO together. Also, a slower DS switching speed can relieve the VFTO stress in UHV GIS, and a quasi-symmetric structure can induce the most appropriate distribution of the trapped charge. This finding is more comprehensive compared with previous studies.
Results of this study will serve to optimize the DS designing, such as switching speed and contacts asymmetry, to minimize the VFTO in UHV GIS. As for future works, we would investigate the DS design by joint optimization of switching speed and contacts asymmetry through both experimental and simulation methods.
